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ABSTRACT 
Laser anemometry o f f e r s  a n o n i n t r u s i v e  means for 
o b t a i n i n g  f l o w  f i e l d  i n f o r m a t i o n .  Our c u r r e n t  research 
e f f o r t s  a t  NASA Lewis Research Center a re  focused on 
i n s t r u m e n t i n g  a warm t u r b i n e  f a c i l i t y  w i t h  a l a s e r  
anemometer system. I n  an e f f o r t  t o  determine t h e  l ase r  
anemometer system bes t  q u a l l f i e d  f o r  t h e  warm t u r b i n e  
environment,  we compared t h e  performance o f  a conven- 
t l o n a l  l a s e r  fr:nge anernmeter and a two spot  t tme-of -  
f l i g h t  system w l t h  a new. m o d i f i e d  t i m e - o f - f l i g h t  
system, c a l l e d  a Four Spot l a s e r  anemometer. The com- 
p a r i s o n  measurements were made I n  h i g h l y  t u r b u l e n t  
f l ows  near w a l l s .  The Four Spot anemometer uses 
e l l i p t i c a l  spots  t o  i nc rease  the  f l o w  acceptance angle 
t o  be comparable t o  t h a t  o f  a Laser F r inge  Anemometer. 
Also,  t h e  Four Spot uses an o p t i c a l  code t h a t  v a s t l y  
s i m p l i f i e s  t h e  pu lse  d e t e c t i o n  processor .  The r e s u l t s  
o f  t h e  comparison measurements w i l l  exemp l i f y  which 
l a s e r  anemometer system is'  best  s u i t e d  t o  t h e  h o s t i l e  
envlronment t y p i c a l l y  encountered I n  warm r o t a t i n g  
turbomachinery.  
I N T R O D U C T I O N  
A l a s e r  anemometer o f f e r s  a n o n i n t r u s i v e  method 
f o r  o b t a i n i n g  f l o w  f i e l d  i n f o r m a t i o n .  
e n t r a l n e d  I n  t h e  f l o w  p r o v l d e  s c a t t e r i n g  cen te rs  for 
t h e  l n c l d e n t  l i g h t .  There a r e  two common techniques 
f o r  o p t l c a l l y  coding t h e  measurement reg ion .  
F r inge  Anemometer (LFA) employs a s i n u s o i d a l l y  varying 
f r i n g e  p a t t e r n .  Knowledge o f  t h e  f r i n g e  spaclng and 
t h e  de tec ted  s i g n a l  f requency o f  p a r t i c l e s  t r a v e r s i n g  
t h e  measurement r e g i o n  pe rm i t s  t h e  d e t e r m i n a t i o n  o f  t h e  
v e l o c i t y  component normal t o  t h e  f r i n g e s .  Another 
technique f o r  encoding t h e  measurement reg ion  (Tirne-Of-  
F l i g h t  Anemometer, TOFA) uses two c l o s e l y  spaced s p o t s .  
where t h e  f l o w  v e l o c i t y  component p a r a l l e l  t o  t h e  a x l s  
o f  t h e  spots i s  obta ined from t h e  t i m e - o f - f l i g h t  of  
p a r t i c l e s  t r a v e r s i n g  t h e  two spots .  
an anemometer capable o f  measurements near w a l l s  i n  
t u r b u l e n t  f l o w s .  
s p e c i a l  q u a l i t i e s .  The optlmum anemometer would have 
a wide acceptance ang le  t o  enable measurements o f  wide 
P a r t i c l e s  
The Laser 
The m o t i v a t i o n  f o r  t h i s  work was t h e  d e s i r e  f o r  
Th l s  r e q u i r e s  a l a s e r  anemometer w l t h  
f l o w  ang le  v a r i a t i o n s .  and a l s o  have a h i g h  s p a t i a l  
s e l e c t i v i t y ,  t o  l i m i t  unwanted f l a r e  l i g h t  s c a t t e r e d  
f rom sur faces reaching the  d e t e c t o r .  The LFA t y p i c a l l y  
has a w ide r  acceptance ang le  than a conven t iona l  TOFA 
system. This  reduces t h e  u t i l i t y  o f  TOFA systems i n  
t u r b u l e n t  f l ows .  However, t h e  TOFA r e c e i v e r  can have 
much b e t t e r  s p a t i a l  r e s o l u t i o n  than t h e  LFA f o r  t h e  
same f h u m b e r  system. 
Our c u r r e n t  research e f f o r t s  a t  NASA Lewis a r e  
focused on i n s t r u m e n t l n g  a 50.8 cm d l a n e t e r ,  s i n g l e  
stage, warm t u r b i n e  f a c i l i t y  w i t h  a l a s e r  anemometer 
system. I n  an e f f o r t  t o  determine t h e  l a s e r  anemometer 
system bes t  q u a l i f i e d  f o r  t h e  warm t u r b i n e  environment,  
we compared t h e  performance o f  conven t iona l  LFA and 
TOFA systems w l t h  a new, m o d i f i e d  TOFA system, c a l l e d  
a Four Spot l a s e r  anemometer. The comparison measure- 
ments were made i n  h i g h l y  t u r b u l e n t  f l ows  near w a l l s .  
The Four Spot TOFA uses e l l i p t i c a l  spots  t o  i nc rease  
the  f l o w  acceptance angle t o  be comparable t o  t h a t  o f  
an LFA. Also, t he  Four Spot uses an o p t i c a l  code t h a t  
v a s t l y  s i m p l i f i e s  t h e  p u l s e  d e t e c t i o n  processor .  The 
r e s u l t s  o f  t h e  comparison w i l l  exemp l i f y  whlch l a s e r  
anemometer system i s  b e s t  s u i t e d  t o  t h e  h o s t i l e  e n v i -  
ronment t y p i c a l l y  encountered i n  warm r o t a t l n g  
turbomachinery.  
FOUR SPOT LASER ANEMOMETER 
The e l e c t r o n i c  s i g n a l  ob ta ined  f rom a normal two 
spot  TOFA system c o n s i s t s  o f  two no isy  gausslan shaped 
pulses separated by the  t r a n s i t  t i m e  o f  a p a r t i c l e  
t r a v e r s i n g  t h e  two l i g h t  spots i n  t h e  measurement 
reg ion .  An es t ima te  o f  t h e  peak t o  peak t i m e - o f - f l i g h t  
and knowledge o f  t h e  spot  spacing then  y i e l d s  t h e  pa r -  
t i c l e  v e l o c i t y  component a long t h e  a x i s  o f  t h e  two 
spots .  The i n h e r e n t  no i se  on any t y p e  o f  photon 
d e t e c t i o n  system decreases t h e  a b i l i t y  o f  t h e  s i g n a l  
processor t o  determine t h e  exact  t ime-of -occurrence o f  
a pu l se .  The p a r t i c l e ' s  t i m e - o f - f l i g h t  can be ob ta ined  
more a c c u r a t e l y  by t r a n s f o r m i n g  t h e  u n i p o l a r  pu l se  i n t o  
a b i p o l a r  pu l se .  The zero c ross ings  o f  t h e  b l p o l a r  
pu lses y l e l d  t h e  est imated t i m e  o f  f l l g h t .  The t r a n s -  
fo rma t ion  f rom a u n i p o l a r  t o  a b i p o l a r  p u l s e  should n o t  
i n t r o d u c e  a d d l t i o n a l  n o i s e  t o  t h e  s i g n a l .  Lading (1) 
analyzed the  performance o f  f o u r  methods f o r  genera t i ng  
1 
b l p o l a r  pu lses:  
t ransforms,  and b o t h  t h e  s p a t i a l  and temporal  l ead - lag  
f l l t e r .  The r e s u l t s  o f  h i s  ana lys i s  showed t h a t  an 
advantage cou ld  be obta ined by lmplement lng t h e  lead-  
l a g  f l l t e r  s p a t i a l l y ,  b e f o r e  photon d e t e c t l o n .  The 
advantage of t h e  s p a t l a l  l ead - lag  f l l t e r  I s  t h a t  t h e  
dlmensions a r e  f l x e d  i n  space, b u t  t h e  temporal  s c a l e  
o f  t h e  s l g n a l  depends on t h e  v e l o c i t y .  
implementat ion w i l l  behave as an a d a p t i v e  temporal  
l ead - lag  opera to r .  
pu l se  I s  thus  made w i t h o u t  adding n o i s e  t o  t h e  s i g n a l  
and I n  a robus t  manner t h a t  does n o t  depend on e l e c -  
t r o n i c  de lays .  
descr ibed h e r e l n  has a s p a t l a l  l e a d - l a g  f l l t e r  ( 2 ) .  
The Four Spot TOFA system uses two p a l r s  o f  par-  
t i a l l y  Over lapping spots i n  the measurement reg ion .  
These two p a i r s  o f  spots,  labe led  A t o  0, a r e  sep- 
a ra ted  by a d i s t a n c e  X o ,  or thogona l l y  p o l a r l z e d ,  and 
p a r t l a l l y  ove r lapp ing  ( F i g .  1 ) .  The amount o f  ove r lap  
I s .  2a, where Q I s  t h e  standard d e v l a t l o n  o f  e-2 
gausslan spot  w l d t h .  The use o f  e l l i p t i c a l  spots 
increases t h e  acceptance angle o f  t h e  measurement 
r e g i o n  - comparable t o  t h a t  o f  a l a s e r  f r l n g e  
anemometer. 
The t r a n s m i t t l n g  s e c t i o n  o f  t h e  system con ta ins  
two quarter-wave p la te/Wol laston p r l s m  p a l r s  ( F i g .  2 ) .  
The I n p u t  l l g h t  I s  l i n e a r l y  po la r i zed .  
l e n s  L1 t rans fo rms  t h e  c i r c u l a r  i n p u t  beam I n t o  an 
e l l l p t l c a l  beam. The f l r s t  quarter-wave p l a t e /  
Wol laston p r i s m  p a i r  Q l / W l  generates two a n g u l a r l y  
d l v e r g l n g ,  o r t h o g o n a l l y  po la r l zed  beams. These p lane 
p o l a r l z e d  beams a r e  Imaged by L2 and L3 onto t h e  
second p a l r  Q2/W2. The f i rs t  p a l r  Q l / W l  must be a t  
t h e  back f o c a l  p lane o f  L2, and Qp/W2 must be a t  t h e  
f r o n t  f o c a l  p lane o f  Lg t o  ma in ta in  t h e  sharpness o f  
t h e  Imaged spots .  Emerglng f r o m  t h e  Q2/W2 p a i r  a r e  
f o u r  consecu t i ve l y ,  o r thogona l l y  p o l a r i z e d  beams. The 
angu la r  d lvergence o f  these beams I s  t ransformed I n t o  a 
s p a t l a l  separa t l on  by t h e  lens L4. The angular  d i v e r -  
gence Impar ted by t h e  Q i / W l  p a l r  creates t h e  s p a t l a l  
separa t i on  X o .  The angu la r  dlvergence Imparted by 
Q2/W2 c rea tes  t h e  p a r t l a l l y  over lapping spots  I n  t h e  
measurement reg ion .  
The measurement r e g l o n  geometry I s  c o n t r o l l e d  by 
t h e  i n p u t  beam dlameter,  t h e  angular d lvergences o f  
and W2, and by t h e  f o c a l  leng th  o f  L4. The q u a r t e r -  
wave p l a t e s  a l l o w  t h e  e q u a l l z a t l o n  o f  t h e  l n t e n s l t l e s  
o f  t h e  f o u r  spots.  
The backsca t te r  system c o n f l g u r a t l o n  c o l l e c t s  t h e  
s c a t t e r e d  l i g h t  f rom t h e  measurement r e g l o n  back a long 
t h e  a x l s  o f  t h e  t r a n s m l t t e d  beam. The use o f  two e leva-  
t i o n  m l r r o r s  M1 and M2 al lows t h i s  c o a x l a l  c o n f i g -  
u r a t l o n .  The rece lved  Image I s  magn i f i ed  by t h e  image 
p a i r  L4 and L-]. The rec tangu la r  m i r r o r  M2 a c t s  
as a v e r t i c a l  s p a t l a l  f l l t e r  mask I n  t h e  r e c e l v e r .  The 
rece ived  l l g h t  I s  recomblned I n t o  two p a l r s  o f  t o t a l l y  
ove r lapp ing  spots  by a t h i r d  Wol laston pr lsm.  W3, 
whlch has t h e  same angu la r  s p l i t  as W2. These two 
spots  a r e  then  Imaged on to  the r e c e l v e r  mask c o n s l s t l n g  
o f  two p r e c l s l o n  a l r  s l l t s .  
l a p p i n g  p a l r s  o f  spots a r e  separated by a p o l a r l z a t i o n  
s e l e c t i v e  b e a m - s p l l t t i n g  cube. 
r o r e d  pr lsms a r e  used t o  separate the  spot  p a i r s  I n t o  
fou r  i n d l v l d u a l  s lgna ls .  The separated s l g n a l s  a r e  
de tec ted  by f o u r  R C A  8645 p h o t o m u l t l p l l e r  tubes .  
The Four Spot TOFA has been cons t ruc ted  u s l n g  
o p t l c a l  e r e c t o r  components (F ig .  3 ) .  A m i r r o r - t y p e  
Image r o t a t o r  has been incorporated i n t o  t h e  Four Spot 
TOFA. 
m i t t e r  and r e c e l v e r .  and permits two-dlmenslonal  ve loc-  
I t y  scans by t a k i n g  measurements a t  seve ra l  angular  
o r i e n t a t l o n s  o f  t h e  measurement volume. 
t h e  d e r i v a t l v e  opera to r ,  H i l b e r t  
Thus, a s p a t l a l  
The t rans fo rma t ion  t o  a b l p o l a r  
The Four Spot Anemometer system 
A c y l i n d r i c a l  
W 1  
The two t o t a l l y  over-  
Two r i g h t  angle m i r -  
The Image r o t a t o r  i s  common t o  b o t h  t h e  t r a n s -  
The tempora l  separa t l on  o f  t h e  b l p o l a r  pu lses i s  
determined by a h l g h  speed Emi t ter -Coupled Loglc  (ECL) 
zero c r o s s i n g  d e t e c t i o n  c i r c u i t .  The ECL processor  
ou tpu ts  s t a r t  and s top  pulses whlch a r e  f e d  l n t o  a t i m e  
analyzer .  The s t a r t  and s t o p  pulses correspond t o  a 
p a r t i c l e  t r a v e r s l n g  t h e  two p a i r s  o f  spots  I n  t h e  
measurement reg ion ,  t h a t  i s ,  t h e  t l m e - o f - f l l g h t .  The 
t lme  ana lyze r  genprates a v o l t a g e  p u l s e  ( 0  t o  10 V )  
t h a t  I s  p r o p o r t i o n a l  i n  amp l i t ude  t o  t h e  t l m e  d l f f e r -  
ence between t h e  s t a r t - s t o p  pu lses .  These v o l t a g e  
pulses a r e  then  sent  t o  an analog t o  d i g i t a l  conve r te r  
(ADC). The d i g l t a l  words f rom t h e  ADC a r e  f e d  I n t o  t h e  
back p lane  o f  a TSI model 1998 master I n t e r f a c e .  The 
TSI module generates a time-between-data (TBD) word 
f rom t h e  Four Spot data.  Both t h e  measured v e l o c i t y  
and TBD a r e  sent  v l a  a D i r e c t  Memory Access I n t e r f a c e  
t o  a PDP 11/44 computer f o r  a n a l y s l s .  A t  each measure- 
ment p o s i t i o n ,  1000 v e l o c l t y  events and 1000 TBDs a r e  
recorded. 
LASER F R I N G E  ANEMOMETER 
The LFA system used i n  these comparison measure- 
ments was s e t  up t o  enable good f l a r e  l i g h t  r e j e c t i o n  
performance i n  a c o a x i a l  backsca t te r  arrangement. The 
s p e c l f l c  o p e r a t l n g  parameters o f  t h e  system a r e  l l s t e d  
I n  Table 1 .  The LFA system a l s o  made use o f  a s i g n a l  
preprocessor ,  whlch was designed and cons t ruc ted  a t  
Lewis Research Center.  The s i g n a l  preprocessor  
rep laces t h e  I n p u t  c o n d l t l o n i n g  tasks  o f  t h e  counter-  
t ype  processor .  The preprocessor  a l l o w s  s e l e c t i o n  o f  
t h e  h l g h  J o l t a g e  f o r  t h e  p h o t o m u l t l p l i e r  tube, h l g h  
pass and l ob  pass f l l t e r s ,  s l g n a l  a t t e n u a t i o n ,  and 
m o n i t o r i n g  o f  t h e  p h o t o m u l t l p l i e r  t ube  dc c u r r e n t  
l e v e l ,  a l l  v i a  t h e  system computer. The menu d r i v e n  
preprocessor  so f tware  I s  I nco rpo ra ted  i n t o  t h e  l a s e r  
anemometer system v e l o c l t y  survey sof tware.  The l a s e r  
anemometry so f tware  a l s o  a l l o w s  o n - l i n e  h i s tog ram d l s -  
p l a y s  f o r  v a l i d a t i o n  o f  t h e  da ta  and t h e  system para- 
meters.  The va lues o f  t h e  system parameters s e l e c t a b l e  
through t h e  preprocessor  a r e  a rch i ved  a long  w i t h  t h e  
measured h is toorams and time-between-data I n f o r m a t i o n .  
TWO SPOT ANEMOMETER 
A conven t iona l  Two Spot TOFA system u s i n g  a c o r -  
r e l a t i o n  scheme ( 3 )  f o r  s l g n a l  p rocess ing  was a v a i l a b l e  
a t  NASA Lewis, b u t  was n o t  o p e r a t l o n a l  a t  t h e  t i m e  o f  
t h i s  work. A Two Spot anemometer t y p e  system was 
obta lned by removing t h e  c y l l n d r l c a l  l e n s  f rom t h e  Four 
Spot TOFA. Th is  reduced t h e  acceptance ang le  o f  t h e  
Four Spot t o  be on t h e  o rde r  o f  a conven t lona l  Two Spot 
system. The e l e c t r o n i c s  and s l g n a l  p rocess ing  scheme 
were t h e  same as those used i n  t h e  Four Spot system. 
Throughout t h e  remainder o f  t h e  t e x t ,  t h i s  rOFA system 
w l t h  t h e  smal l  acceptance angle w i l l  be r e f e r r e d  t o  as 
a Two Spot TOFA. Th i s  i s  a b e t t e r  cornparison than  
would have o the rw ise  been a v a i l a b l e .  A l l  t h r e e  systems 
were u s i n g  t h e  same c o l l e c t i o n  o p t i c s .  Both TOFAs 
were u s i n g  I d e n t i c a l  s i g n a l  p rocess lng  schemes, t h e  
o n l y  d i f f e r e n c e  between these two TOFA systems was t h e  
probe volume acceptance angle.  
Table 1 l l s t s  t h e  Impor tan t  o p e r a t l n g  cha rac te r -  
l s t l c s  o f  each o f  t h e  l a s e r  anemometer systems I n  t h e  
comparison. A Bragg c e l l  was added t o  t h e  LFA system 
t o  enable t h e  measurements o f  t h e  r e v e r s i n g  f l o w s  I n  
t h e  b lade  wake. A l l  t h r e e  systems were capable o f  
b l d l r e c t i o n a l  v e l o c l t y  measurements. The probe volume 
dlmenslons were measured u s l n g  a p lnho le /pho tomu l t l -  
p l l e r  tube assembly. 
were determlned by measur lng t h e  beam diameter  and 
separa t i on  b e f o r e  t h e  f l n a l  f ocus lng  l e n s .  The f r i n g e  
spaclng and probe volume d lameter  were then  c a l c u l a t e d  
The LFA probe volume dlmenslons 
2 
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f rom these measured va lues.  The TOFA probe volumes 
were scanned over t h e  p l n h o l e  and the  recorded photo- 
m u l t i p l i e r  t ube  dc c u r r e n t  as a f u n c t i o n  o f  p o s l t l o n  
was f l t  t o  a gauss lan us ing  the  n o n l l n e a r  l e a s t  squares 
technique.  For t h e  TOFA systems. t h e  e-2 w ld ths  and 
h e i g h t s  o f  t h e  f i t t e d  gausslans were taken as t h e  probe 
volume dimensions. The spot  p a i r  separat ions o f  the 
TOFAs were determined f rom t h e  d l f f e r e n c e  I n  t h e  peak 
l o c a t l o n s  o f  t h e  measured spots .  The average l l g h t  
f l u x  through t h e  probe volumes were c a l c u l a t e d  uslng 
t h e  probe volume on-axis c ross -sec t i on  dimensions and 
t h e  l a s e r  power g l ven  l n  Table 1. For t h e  LFA, a c l r -  
c u l a r  probe volume c ross -sec t i on  was assumed, w i t h  on ly  
50 pe rcen t  l l l u m l n a t l o n ,  I n  order  t o  account f o r  the 
b r i g h t  and da rk  f r i n g e s .  Four c i r c u l a r  spots were used 
t o  c a l c u l a t e  t h e  average l l g h t  f l u x  I n  t h e  Two Spot 
TOFA. The Four Spot average l i g h t  f l u x  va lue  was c a l -  
c u l a t e d  assumlng f o u r  l l l u m l n a t e d  e l l i p s e s ,  w i th  major 
and minor  axes g i v e n  as probe volume h e i g h t  and spot 
w i d t h  r e s p e c t l v e l y .  
Each o f  t h e  l a s e r  anemometer systems was setup on 
an o p t l c a l  breadboard mounted on a t h r e e - a x l s  p o s l -  
t l o n i n g  system. The l a s e r  anemometry so f tware  c o n t r o l s  
t h e  p o s l t l o n l n g  system. The th ree -ax l s  t a b l e  enabled 
v e l o c i t y  surveys a long a n e a r l y  normal l l n e  t o  t h e  
s u c t i o n  su r face  o f  t h e  r o t o r  b lade.  A l l  t h r e e  l ase r  
anemometer systems were 1-component systems w i t h  beam 
r o t a t i o n  o r  lmage r o t a t i o n  c a p a b i l l t l e s  f o r  ob ta in ing  
two-dimensional  surveys I n  t h e  h i g h  tu rbu lence  reglons. 
The LFA and t h e  Four Spot systems were const ructed 
u s l n g  t h e  same f /2 .5,  d l f f r a c t l o n  l l m l t e d ,  100 mn 
diameter ,  c o l l e c t i o n  o p t l c s .  The use o f  low fhurnber 
c o l l e c t i o n  o p t l c s  p e r m i t t e d  t h e  use o f  l a r g e  aper ture 
masks I n  t h e  r e c e i v l n g  o p t l c s .  Larger s p a t l a l  f l l -  
t e r l n g  masks Inc rease  t h e  system's s p a t l a l  s e l e c t l v l t y .  
The LFA and TOFA systems were implemented w i t h  mask t o  
l ens  c l e a r  a p e r t u r e  r a t i o s  o f  50 percent .  A l l  three 
l a s e r  anemometer systems used an argon l o n  l a s e r  oper- 
a t i n g  a t  t h e  514.5 nm wavelength. 
EXPERIMENTAL SETUP AND CALIBRATION 
The comparlson t e s t s  were performed I n  an open 
j e t  burner  f a c i l i t y .  The burner  r i g  e x i t  nozz le  was 
app rox ima te l y  7.5 cm i n  d iameter .  The burner  r i g  was 
seeded w i t h  r e f r a c t o r y  alumina p a r t i c l e s  supp l l ed  v ia  
a commercial f l u i d i z e d  bed seed generator .  The mean 
seed p a r t i c l e  d iameter ,  measured us ing  a commercial 
ae roso l  p a r t l c l e  s l z e r ,  was approx lmate ly  1 pm. T y p l -  
c a l  mean v e l o c l t l e s ,  temperatures,  and tu rbu lence  
l n t e n s l t l e s  o b t a l n a b l e  w l t h  t h i s  burner  r l g  were 
approx lma te l y  300 m/sec, 700" C. and 6 percent ,  
r e s p e c t l v e l y .  
I n  o rde r  t o  generate h ighe r  tu rbu lence  and supply 
a su r face  f o r  t h e  su r face  p r o x i m i t y  measurements, a 
s l n g l e  t u r b i n e  r o t o r  b lade  was mounted I n  t h e  burner 
f low,  as shown i n  F lg .  4. The b lade used I n  these 
comparison measurements was a s o l l d ,  co re  t u r b i n e  r o t o r  
b lade,  w i t h  an a x l a l  co rd  o f  3.429 cm, a l e a d i n g  edge 
r a d i u s  o f  0.298 cm, a t r a i l i n g  edge r a d i u s  o f  0.089 cm, 
and a helgh: o f  3.81 cm. The b lade was mounted 3 cm 
downstream, centered i n  t h e  nozz le  e x i t  p lane,  and 
o r i e n t e d  t o  w l t h l n  2" o f  t h e  des lgn i n l e t  f l o w  angle. 
The comparlson measurements were taken on t h e  suct ion 
s i d e  o f  t h e  r o t o r  b lade.  See F l g .  4 f o r  l o c a t i o n s  o f  
t h e  measurement s t a t i o n s  and t h e  re fe rence  coord lnate 
system. Th ls  geometry p rov ided  a good,source o f  h l g h l y  
t u r b u l e n t  f l ow .  The r e g l o n  near t h e  b lade  l e a d i n g  edge 
would p r o v i d e  t h e  environment f o r  t h e  one-dlmenslonal 
s u r f a c e  p r o x i m i t y  measurements, s lnce  t h e  b lade  surface 
was a lmost  normal t o  t h e  l a s e r  anemometer o p t i c a l  ax is  
I n  t h i s  reg ion .  The r e g i o n  near t h e  t r a i l i n g  edge o f  
t h e  b lade  would p r o v i d e  a h l g h l y  t u r b u l e n t  reg ion ,  
r e q u l r l n g  two-dlmensional  surveys, f o r  de te rm ln lng  t h e  
tu rbu lence  performance c a p a b i l l t l e s  o f  these l a s e r  
anemometer systems. 
bo th  o f  t h e  TOFA systems pe r fo rm b e t t e r  near su r faces  
than the  LFA, due t o  t h e i r  s u p e r i o r  f l a r e  l l g h t  r e j e c -  
t i o n  c a p a b l l l t l e s .  I n  t h e  more t u r b u l e n t  f l ow ,  near 
t h e  b lade  t r a i l l n g  edge, t h e  systems w i t h  l a r g e  accept-  
ance ang le  should show b e t t e r  performance (LFA and Four 
Spot)  than t h e  smal l  acceptance ang le  system. I d e a l l y ,  
these exper iments should show t h a t  t h e  Four Spot TOFA 
has t h e  r e q u l r e d  p r o p e r t i e s  t o  enable measurements 
under bo th  types o f  c o n d i t i o n s .  
I n  order  t o  v e r l f y  t he  su r face  p r o x i m l t y  measure- 
ments. t h e  b lade  su r face  l o c a t l o n  had t o  be determined 
f o r  each survey p o s l t l o n .  
determined by measur ing the  dc c u r r e n t  f rom t h e  
p h o t o m u l t l p l l e r  tube i n  the  l a s e r  anemometer r e c e i v e r  
as t h e  probe volume was scanned through t h e  b l a d e  su r -  
face. These scan p r o f i l e s  were then  f l t  t o  a gauss lan 
f u n c t l o n  by t h e  method o f  n o n l l n e a r  l e a s t  squares. 
The gausslan peak l o c a t l o n  was assumed t o  be t h e  a c t u a l  
b lade  sur face l o c a t i o n .  For bo th  TOFAs. t h e  scans were 
performed tw lce ,  once on each spot p a i r ,  and t h e  ave r -  
age peak p o s l t l o n  f rom t h e  two scans was taken as t h e  
su r face  l o c a t l o n .  The maxlmum d i f f e r e n c e  I n  t h e  s u r -  
f ace  l o c a t l o n  determlned us lng  bo th  spot p a i r s  was 
80 pm. The o r l g i n  o f  t h e  re fe rence  coo rd ina te  system 
was p laced a t  t h e  t o p  l e a d l n g  edge o f  t h e  b lade.  
The angular  o r i e n t a t i o n s  o f  t h e  probe volumes were 
determined by p r o j e c t i n g  t h e  probe volumes on to  a 
screen v i a  a microscope o b j e c t i v e .  A v e r t l c l e  l i n e  on 
the  screen served as a re fe rence  f o r  de te rm ln lng  t h e  
0" probe volume angular  o r l e n t a t l o n .  
n ique  would have been t o  measure t h e  spot ,  o r  f r l n g e  
p o s l t l o n  as a f i i n c t l o n  o f  probe volume h e i g h t .  Th l s  
would y l e l d  t h e  probe volume angular  o f f s e t . )  Any 
e r r o r s  I n  t h e  angular  c a l i b r a t i o n  between t h e  LFA and 
t h e  TOFA would y i e l d  a cons tan t  angular  o f f s e t  I n  t h e  
measured f l o w  ang le  data.  The o f f s e t  would be con- 
s t a n t ,  and unimpor tant .  The genera l  shape o f  t h e  f l o w  
ang le  measurements would be I l l u s t r a t i v e  o f  each l a s e r  
anemometer systems f l o w  measurement c a p a b l l l t i e s .  The 
Four Spot and t h e  Two Spot systems used t h e  same r e f -  
erence angle.  s i n c e  t h e  o n l y  d l f f e r e n c e  between these  
two systems was t h e  removal o f  t h e  c y l i n d r l c a l  l ens .  
The f l o w  ang le  da ta  obta ined f r o m  these two systems 
should be I d e n t i c a l .  b u t  t h e r e  may be a cons tan t  o f f -  
s e t  between t h e  LFA and bo th  TOFA system's f l o w  ang le  
da ta  se ts .  
These comparlson measurements should show t h a t  
The sur face l o c a t i o n  was 
(A b e t t e r  t ech -  
RESULTS AND DISCUSSION 
There were two types o f  comparison measurements 
made I n  t h e  burner  r l g .  
which w l l l  be c a l l e d  su r face  p r o x l m l t y  measurements, 
and those towards the  t r a l l l n g  edge o f  t h e  b lade,  which 
w l l l  be r e f e r r e d  t o  as f l o w  ang le  measurements. The 
su r face  p r o x l m l t y  measurements a r e  measures o f  how 
c l o s e  t o  a s u r f a c e  a l a s e r  anemometer system can o b t a i n  
v e l o c l t y  measurements. 
have performed t h e  same f o r  t h e  su r face  p r o x i m i t y  
measurements, o n l y  da ta  f rom t h e  Four Spot TOFA and t h e  
LFA w l l l  be discussed. A l l  t h r e e  systems were used I n  
t h e  f l o w  ang le  measurements, s ince  the  Four Spot and 
Two Spot systems do n o t  have t h e  same acceptance 
angles.  A l l  measurements were made i n  t h e  Y = -17.5 mn 
plane,  which I s  app rox lma te l y  mld h e l g h t  on t h e  b lade.  
Sur face P r o x i m i t y  Measurements 
t h e  su r face  l o c a t i o n s  p r i o r  t o  t h e  su r face  p r o x l m l t y  
Those near the  l e a d i n g  edge, 
Since bo th  TOFA systems would 
The su r face  l o c a t l o n  scans were used t o  determine 
3 
surveys. The su r face  p rox im i t y  surveys were performed 
a t  s t a t i o n s  2 through 8 a long t h e  Z-axis, see F i g .  4 .  
i n  t h e  X-axis d i r e c t i o n .  The su r face  l o c a t i o n  surveys 
a l s o  y i e l d e d  an i n d i c a t i o n  of t h e  e f f e c t i v e  on-axis 
probe volume l e n g t h  v i a  t h e  e-2 w i d t h  o f  t h e  gaussian 
i n t e n s i t y  curves. The scans I n d i c a t e d  t h a t  t h e  LFA and 
TOFA systems had e f f e c t i v e  on-axis probe volume leng ths  
of 1.16 and 0.22 mn respec t i ve l y .  These on-axis probe 
volume leng ths  can be viewed as an  i n d i c a t o r  o f  a par-  
t i c u l a r  l a s e r  anemometer system's a b i l i t y  t o  o b t a i n  
measurements near  sur faces.  
The r e s u l t s  o f  t h e  surface p r o x i m i t y  measurements 
a r e  shown i n  F i g .  5.  The LFA and Four Spot TOFA m i n i -  
mum approach d i s tances  a long  the  X-survey d i r e c t i o n  a r e  
shown a long  w i t h  t h e  a c t u a l  b lade su r face .  The minimum 
approach d i s t a n c e  i s  t h e  d is tance f rom t h e  b lade  sur -  
f a c e  a t  which t h e  l a s t  v e l o c i t y  measurement cou ld  be 
ob ta ined .  N o t i c e  t h a t  t h e  surveys a t  s t a t i o n s  2 
th rough  5 were n o t  a t  normal inc idence,  b u t  those sur-  
veys a t  s t a t i o n s  6 through 8 were a t  near  normal i n c l -  
dence. The graph shows q u a l i t a t i v e l y  t h e  performance 
o f  each system over  t h e  range o f  t h e  b lade  su r face .  
A t  a l l  b u t  one s t a t i o n ,  no. 6, t h e  Four Spot was a b l e  
t o  o b t a i n  measurements a t  l e a s t  t w i c e  as c l o s e  t o  t h e  
s u r f a c e  than  t h e  LFA system. One f a c t o r  a f f e c t i n g  
these measurements i s  t h e  surface r e f l e c t i v i t y .  The 
b lade  su r face  was a p l a i n  brushed meta l  f i n i s h ;  no 
s p e c i a l  coa t i ngs  o r  p a i n t s  were used. Seed p a r t i c l e  
b u i l d u p  on t h e  su r face  o f  the b lade  may have a l t e r e d  
t h e  su r face  r e f l e c t i v i t y  i n  some reg ions .  Both da ta  
s e t s  were ob ta ined  w i t h  an i n i t i a l l y  c l e a n  b lade  sur -  
f ace .  Another f a c t o r  a f f e c t i n g  t h e  su r face  p r o x i m i t y  
measurements i s  t h e  l a c k  o f  s u f f i c i e n t  seed p a r t i c l e s  
a t  t h e  sur face.  The low  seed p a r t i c l e  c o n c e n t r a t i o n  
near  t h e  su r face  i s  an u l t i m a t e  l i m i t  on these su r face  
p r o x i m i t y  measurements. Consider ing t h e  same condi -  
t i o n s  f o r  b o t h  l a s e r  anemometer systems, t h e  r e s u l t s  
show t h a t  t h e  Four Spot TOFA has super io r  f l a r e  l i g h t  
r e j e c t i o n  c a p a b i l i t i e s  compared t o  t h e  LFA. For sur -  
f a c e  p r o x i m i t y  measurements, t h e  TOFA would y i e l d  be t -  
t e r  performance than  an LFA. 
s u r f a c e  p r o x i m i t y  measurements a t  s t a t i o n  no. 3, 2 mm 
f r o m  t h e  b lade  l e a d i n g  edge. The LFA measurements a t  
t h i s  survey s t a t i o n  y i e l d e d  no unexpected r e s u l t s  - 
s i n g l e  peaked h is tograms t o  w i t h i n  700 pm f rom t h e  
b l a d e  sur face.  However, t h e  Four Spot TOFA histograms 
showed an o s c i l l a t i n g  f l o w  phenomenon beg inn ing  a t  
about  1300 pm f rom t h e  surface and c o n t i n u i n g  i n  t o  
330 vm f rom t h e  sur face.  Figures 6(a)  through 6(e)  
show t h e  double peaked histograms, i n d i c a t i n g  a f l o w  
o s c i l l a t i o n .  The b lade  surface i s  a t  3.27 mn a t  t h i s  
survey s t a t i o n ,  t h e  X-posi t ions I n  t h e  f i g u r e s  can be 
referenced t o  t h i s  su r face  l oca t i on .  The l a r g e  lobe,  
which rep resen ts  t h e  steady s t a t e  f l ow ,  remains r e l a -  
t i v e l y  cons tan t  as t h e  s i d e  lobe grows i n  s i ze ,  and 
then  decreases aga in  c l o s e  t o  t h e  sur face.  Discuss ions 
w i t h  seve ra l  f l u i d  dynamicists revea led  t h a t  t h i s  
b i f u r c a t i n g  f l o w  i s  n o t  uncommon near t h e  b lade l e a d l n g  
edge. Th is  phenomenon appeared t o  be un reso lvab le  w i t h  
t h e  LFA due t o  i t s  poor  f l a r e  l i g h t  r e j e c t i o n  and i t s  
l onger  on-axis probe volume length .  The longer  probe 
volume l e n g t h  causes t h e  LFA t o  average a l a r g e r  cross 
s e c t i o n  o f  t h e  f l o w ,  which may have caused t h e  steady 
s t a t e  f l o w  s i g n a l  t o  swamp the b i f u r c a t i n g  f l o w  s i g n a l .  
Hence, we see t h a t  t h e  h i g h  Spa t ia l  s e l e c t i v i t y  i n  TOFA 
systems i s  p r e f e r a b l e  i n  a case such as t h i s  f o r  more 
c l e a r l y  r e s o l v i n g  f l o w  fea tures .  
Flow Angle Measurements 
An i n t e r e s t i n g  f l o w  phenomenon was observed i n  t h e  
The f l o w  ang le  measurements were made a t  s t a t i o n  
no. 9 I n  F i g .  4, 20 mn downstream f rom t h e  b lade  
l e a d i n g  edge. 
edge, t h e  b lade  su r face  has tu rned  i n  sha rp l y  and a 
r e c i r c u l a t i o n  zone would be expected. 
s h i f t e d  LFA system was used t o  o b t a i n  a s tandard r e f -  
erence d a t a  Set a t  survey s t a t i o n  no. 9.  A t  each 
measurement p o s i t i o n ,  t h e  mean v e l o c i t y  was measured 
a t  t h r e e  angu la r  o r i e n t a t i o n s  o f  t h e  probe volume, 
215". and 0". The LFA da ta  was assumed t o  have a 
cos ine  dependence on t h e  r e l a t i v e  ang le  between t h e  
mean f l o w  d i r e c t i o n  and t h e  probe volume angu la r  o r i -  
e n t a t i o n  ( 4 ) .  
were es t ima ted  f rom t h e  mean v e l o c i t y  da ta  as a func-  
t i o n  o f  probe volume ang le  by t h e  method o f  n o n l i n e a r  
l e a s t  squares. The LFA f l o w  ang le  da ta  was used as a 
re fe rence  da ta  s e t  f o r  t h e  Two Spot and Four Spot TOFA 
da ta .  
The same technique f o r  reduc ing  t h e  LFA f l o w  ang le  
da ta  was used on t h e  Four Spot TOFA data.  Again, t h r e e  
angu la r  o r i e n t a t i o n s ,  215". and 0". o f  t h e  probe volume 
were used. The assumption o f  t h e  cos ine  dependence f o r  
t h i s  TOFA system was used s i n c e  t h e  Four Spot has a 
l a r g e  acceptance angle,  s i m i l a r  t o  t h a t  o f  an LFA. 
r e q u i r e d  t h a t  a d i f f e r e n t  da ta  r e d u c t i o n  scheme be 
used. The Two Spot system does n o t  have t h e  same 
sampl ing s t a t i s t i c s  as an LFA system. The f l o w  ang le  
da ta  taken w i t h  t h e  Two Spot r e q u i r e d  more angu la r  
o r l e n t a t i o n s  o f  t h e  probe volume i n  o rde r  t o  r e s o l v e  
th, f l o w  angle,  due t o  t h e  h i g h  tu rbu lence  f l o w .  Seven 
angular  o r i e n t a t i o n s  o f  t h e  probe volume were used w i t h  
a 3" i n t e r v a l  ( 5 ) .  The mean v e l o c i t i e s  were c a l c u l a t e d  
f rom t h e  c o l l e c t e d  histograms a t  each measurement 
angle.  Tne da ta  taken w i t h  a smal l  acceptance angle 
anemometer does n o t  have a cos ine  dependence on t h e  
measurement angle.  The smal l  acceptance ang le  o f  t h i s  
system r e s u l t s  I n  a measured h is togram, which i s  a t h i n  
s l i c e  o u t  o f  t h e  two-dimensional  gauss lan v e l o c i t y  
p r o b a b l l l t y  d i s t r i b u t i o n .  
one-dimensional h is tograms,  o r  s l i c e s  o f  a two- 
d imensional  gauss ian a t  d i f f e r e n t  angles.  The mean 
va lues c a l c u l a t e d  f rom t h e  measured h is tograms a r e  
p o i n t s  on a one-dimensional gauss ian d i s t r i b u t i o n ,  as 
a f u n c t i o n  o f  angle.  Hence, t h e  Two Spot f l o w  angle 
da ta  was reduced by f i t t i n g  t h e  measured mean ve loc -  
i t i e s  t L  a gauss ian f u n c t i o n  o f  ang le  (6 ) .  
The tu rbu lence  i n t e n s i t i e s  were c a l c u l a t e d  f o r  a l l  
t h r e e  d a t a  se ts .  The tu rbu lence  i n t e n s i t y ,  as r e f e r r e d  
t o  i n  t h i s  t e x t ,  i n c l u d e s  t h e  measurement u n c e r t a i n t y ,  
f rom t h e  measured h is tograms,  and t h e  i n h e r e n t  i n s t r u -  
ment e r r o r .  I s o t r o p i c  tu rbu lence  was assumed, so t h a t  
t h e  LFA and Four Spot TOFA tu rbu lence  I n t e n s i t i e s .  a t  
a l l  t h r e e  angular  o r i e n t a t i o n s  o f  t h e  probe volume, 
cou ld  be averaged t o  o b t a i n  an es t ima te  o f  t h e  tu rbu -  
lence i n t e n s i t y  as a f u n c t i o n  o f  survey p o s i t i o n .  
t h e  Two Spot TOFA f l o w  angle data,  o n l y  t h e  da ta  a t  t h e  
t h r e e  angu la r  o r l e n t a t i o n s  centered about  t h e  est imated 
f l o w  ang le  were averaged t o  e s t i m a t e  t h e  tu rbu lence  
i n t e n s i t y .  
parameters o f  t h e  burner  r i g  were i d e n t i c a l l y  s e t  f o r  
each run, b u t  some v a r i a t i o n s  i n  t h e  mean f l o w  magni- 
tude, between runs, d i d  occur .  These run - to - run  v a r i -  
a t i o n s ,  which were on t h e  o rde r  o f  a few percent ,  
should n o t  a f f e c t  t h e  t rends  observed I n  t h e  c o l l e c t e d  
data.  Again, t h e  burner  r i g  was used t o  p r o v i d e  a h i g h  
tu rbu lence  f l ow ,  s i m l l a r  t o  t h a t  expected i n  a warm 
t u r b i n e  environment.  
The comparisons o f  t h e  f l o w  ang le  da ta  ob ta ined  
w i t h  a 1 t h r e e  anemometer systems a r e  shown i n  F i g s .  7 
t o  9. F i g u r e  7 shows t h e  comparison o f  t h e  est tmated 
v e l o c i  y magnitudes. The d i f f e r e n c e  i n  t h e  a b s o l u t e  
va lues o f  t h e  v e l o c i t y  magnitude i s  t h e  r e s u l t  o f  t h e  
burner  r i g  mean v e l o c i t y  v a r i a t i o n  between runs. 
A t  t h i s  d i s t a n c e  f rom t h e  b lade  l e a d i n g  
The Bragg 
The v e l o c i t y  magnitude and f l o w  angle 
The low acceptance ang le  o f  t h e  Two Spot system 
So t h e  c o l l e c t e d  da ta  a r e  
For 
I n  these comparison measurements, t h e  o p e r a t i n g  
4 
a 
b 
Al though t h e  o p e r a t i n g  parameters o f  t h e  burner  r i g  
were s e t  t h e  same f o r  a l l  t h e  runs, these mean v e l o c i t y  
v a r i a t i o n s  s t i l l  occurred. The genera l  v e l o c i t y  mag- 
n i t u d e  f l u c t u a t i o n s  i n  t h e  t h r e e  curves a r e  very s i m -  
i l a r  up t o  X = 9 mn. A t  X = 8 mn, b o t h  t h e  TOFA 
systems s t i l l  show c o n s i s t e n t  v a r i a t i o n s  i n  t h e  veloc- 
i t y  magnitude, b u t  t h e  LFA es t ima te  shows a s u b s t a n t i a l  
d rop  i n  t h e  v e l o c i t y  magnitude. A t  t h i s  survey pos i -  
t i o n  i n  t h e  f low, a very sharp v e l o c i t y  g r a d i e n t  i s  
p resen t .  Th i s  i s  t h e  edge o f  t h e  r e c i r c u l a t i o n  zone. 
The longer  probe volume l e n g t h  i n  t h e  LFA causes the 
es t ima te  o f  t h e  v e l o c i t y  magnitude a t  t h i s  measurement 
p o s i t i o n  t o  be b iased t o  a lower  va lue.  Both TOFA 
system probe volumes, due t o  t h e i r  s h o r t e r  l eng ths ,  
have n o t  begun t o  d e t e c t  much o f  t h i s  v e l o c i t y  g rad ien t  
a t  t h i s  p o s i t i o n .  This  assumption o f  t h e  v e l o c i t y  
g r a d i e n t  b i a s i n g  i s  supported by t h e  tu rbu lence  in ten -  
s i t y  d a t a  i n  F i g .  8. The comparison o f  t h e  turbulence 
i n t e n s i t y  f o r  t h e  t h r e e  anemometer systems shows an 
average v a l u e  o f  approx imate ly  8 pe rcen t  up t o  
X = 9 mn. 
has s u b s t a n t i a l l y  increased. w h i l e  t h e  TOFA systems 
o n l y  e x h i b i t  a s l i g h t  r i s e  i n  t h e  tu rbu lence  i n t e n s i t y .  
The v e l o c i t y  g r a d i e n t  has broadened t h e  LFA histograms, 
r a i s i n g  t h e  es t ima ted  tu rbu lence  i n t e n s i t y .  Due t o  
t h e i r  h i g h  s p a t i a l  s e l e c t i v i t y ,  t h e  TOFA systems could 
y i e l d  a h i g h e r  r e s o l u t i o n  p i c t u r e  o f  t h e  f low,  as i s  
evidenced by these r e s u l t s .  
F i g u r e  9 shows a comparison o f  t h e  e s t i v a t e d  f l o w  
ang le  f o r  t h e  t h r e e  anemometer systems as a f u n c t i o n  
o f  survey p o s i t i o n .  Again. t h e  LFA da ta  I s  assumed t o  
be a re fe rence  da ta  s e t .  The TOFA systems bo th  used 
t h e  same image r o t a t o r .  The d i f f e r e n c e  i n  t h e  s e t  up 
o f  these two systems was o n l y  i n  t h e  use o f  a c y l i n -  
d r i c a l  l ens  f o r  e l l i p t i c a l  spot  generat ion.  The image 
r o t a t o r  was n o t  r e c a l i b r a t e d  between t h e  change over 
f rom t h e  Four Spot t o  t h e  Two Spot TOFA. Any c a l l b r a -  
t i o n  e r r o r s  i n  t h e  probe volume angular  o r i e n t a t i o n  
between t h e  LFA and t h e  TOFA systems should be system- 
a t i c ,  b u t  t h e r e  should be no systemat ic  e r r o r s  between 
t h e  Four Spot and Two Spot TOFASO f l o w  ang le  
measurements. 
The da ta  i n  F ig .  9 shows a systemat ic  c a l l b r a t i o n  
e r r o r  i n  t h e  probe volume angular  o r i e n t a t i o n  between 
t h e  LFA and TOFA systems. The e r r o r  I n  t h e  c a l i b r a t i o n  
I s  app rox ima te l y  2" between t h e  LFA and bo th  TOFA sys- 
tems. The shape o f  t h e  Four Spot TOFA f l o w  ang le  data 
agrees very c l o s e l y  w i t h  t h e  LFA r e s u l t s  throughout  t h e  
survey range. However, t h e  Two Spot f l o w  ang le  data 
shows a random d e v i a t i o n  f rom bo th  t h e  LFA and Four 
Spot data.  The f a c t  t h a t  t h e  v e l o c i t y  magnitude and 
t u r b u l e n c e  i n t e n s i t y  da ta  f o r  bo th  o f  t h e  TOFA systems 
agreed very c l o s e l y  supports t h e  conc lus ion  t h a t  t h i s  
f l o w  ang le  d e v i a t i o n  i s  n o t  a systemat ic  e r r o r  induced 
by t h e  da ta  r e d u c t i o n  scheme. 
A s  an a l t e r n a t i v e  check, t h e  Two Spot da ta  ra tes 
were used t o  determine t h e  f l o w  angle,  i n s t e a d  of  the 
measured v e l o c i t i e s  ( 3 ) .  The Two Spot da ta  r a t e s  were 
much more s h a r p l y  peaked gaussian f u n c t i o n s  o f  t h e  
measurement ang le  than a r e  t h e  measured v e l o c i t i e s .  
The sharper peaks should y i e l d  a b e t t e r  reso lved  f l o w  
ang le  es t ima te .  
t echn ique  a r e  shown i n  F i g .  10. 
A t  X = 8 mn, t h e  LFA tu rbu lence  i n t e n s i t y  
The f l o w  ang le  est imates us ing  t h i s  
The magnitudes o f  the 
v a r i a t i o n s  i n  t h e  Two Spot f l o w  ang le  da ta  have been 
reduced, b u t  t h e  da ta  does n o t  e x h i b i t  t h e  same 
behavior  as t h e  LFA and Four Spot f l o w  ang le  est imates.  
These r e s u l t s  I n d i c a t e  t h a t  ques t i onab le  f l o w  ang le  
es t ima tes  a r e  de r i ved  f rom smal l  acceptance ang le  l a s e r  
anemometer systems used i n  h i g h  tu rbu lence  
environments.  
CONCLUSION 
The r e s u l t s  o f  these comparison measurements show 
t h a t  f o r  a h i g h  tu rbu lence  f l o w  f i e l d ,  near sur faces,  
t h e  Four Spot TOFA has shown super io r  performance over 
an LFA. T h i s  system appears bes t  s u i t e d  f o r  t h e  t u r -  
bomachinery environment we w i l l  be i n v e s t i g a t i n g  a t  
Lewis Research Center. The TOFA systems, i n  genera l ,  
show ve ry  good s p a t i a l  s e l e c t i v i t y  i n  r e s o l v i n g  f l o w  
f e a t u r e s .  
acceptance ang le  l a s e r  anemometer systems i n  h i g h  t u r -  
bu lence f l ows .  
de te rm in ing  t h e  t r u e  f l o w  d i r e c t i o n .  
These r e s u l t s  a l s o  i n d i c a t e  t h a t ,  i n  a l ow  t u r b u -  
l ence  f l ow ,  t h e  e l l i p t i c a l  spots i n  t h e  Four Spot 
measurement volume can be conver ted t o  c i r c u l a r  spots ,  
and t h e  system would have a h ighe r  l i g h t  f l u x  th rough  
t h e  measurement reg ion .  The h ighe r  l i g h t  f l u x  would 
make t h e  system more s e n s i t j v e  t o  sma l le r  p a r t i c l e s .  
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TABLE 1 
Parameter 
Laser power 
C o l l e c t i o n  o p t i c  d iam 
f /number 
Probe volume w i d t h (  e-2) 
Probe volume h e l g h t ( e - 2 )  
F r i n g e  s i z e  
Spot  w i d t h  
Average l i g h t  f l u x  
Acceptance a n g l e  
S i g n a l  p rocesso r  
B i d 1  r e c t i  ona l  
d e t e c t  i on 
scheme 
LFA 
1 . 5  W 
100 mn 
2.5 
50 pm 
50 pm 
5.8 urn 
1.5E9 W/m2 
> f45O 
Counter 
40 MHz 
Bragg 
s h i f t  
-- 
Two-Spot 
1.5 w 
100 mm 
2.5 
106 urn 
10 pm 
10 urn 
4.8E9 W/m2 
Custom d e s l g n  
S i g n  b i t  
g e n e . a t e d  on 
each 
measurement 
------------- 
+6O 
Four-Spot 
1.5 W 
100 mm 
2.5 
106 urn 
97 urn 
10 pm 
0.5E9 W/m2 
+43O 
Custom d e s i g n  
S i  gn b i t  
genera ted  on 
each 
measurement 
------------ 
4 
a HORIZONTAL POLARIZATION 
69 VERTICAL POLARIZATION 
A B  --I I+ 2 0  
D 
- xo - 
CS-85-3324 
FIGURE 1. - FOUR SPOT TOFA MEASUREMENT 
VOLUME GEOMETRY. THE ORTHOGONALLY 
SPOT PAIRS ARE SEPARATED BY XO. 
POLARIZED SPOTS OVERLAP BY 20. THE 
L1 Ql w1 L2 L I NEARLY 
POLAR I ZED HORIZONTAL POLAR I Z A T I  ON 
t VERTICAL POLARIZATION 
L3 
02 
w2 
B 
PMT 
D 
L7 w3 12 L4 L5 L6 
C S -85-3322 
POLAR I Z A T I  ON 
BEAM SPLITTER 
FIGURE 2. - SCHEMATIC VIEW OF THE TRANSMITTING AND RECEIVING OPTICS. 
0 
“ I  
W I ,) I 
I / /  I 
er 
3 I I 
1-1 
C 
m 
I- 
L 
W 
L 
0 a 
0 
er 
V 
W 
er 
W 
8 
e 
d 
2 
k 
0 
51 
0 
er 
IL 
W 
I- 
V 
3 
er 
I- m z 
0 
V 
n 
5 
I- m > 
v, 
p: 
W 
I- w 
5 
5 
L 
4: 
I- 
O 
m 
er 
=> 
0 
LL 
I 
n 
m 
W 
p: 
3 
L L  
E 
MEASUREMENT STATIONS SHOWN ON BLADE 
Y = -17.5 MM (CONSTANT) 
#1: z = -2 MM 
92: z = 0 MM 
#3: z = 2.0 MM i 
SURFACE 
PROXIMITY i #4: Z = 4.0 MM #5: Z = 6.0 MM #6: Z = 8.0 MM 
#7: z = 10.0 MM 
#8: Z = 12.0 MM 
= 20'o MM i MEASUREMENTS ANGLE 
+Y 
+X 
FLOW - 
FIGURE 4 .  - TURBINE BLADE I N  HOT CROSS FLOW. THE X-PLANE 
SURVEY FIEASUREKNT STATIONS ARE StiOWN ALONG THE Z DIREC- 
TION. 
OF THE INLET DESIGN ANGLE. 
THE CORE TURBINE BLADE WAS MOUNTED TO WITHIN 2' 
BLADE SURFACE 
FRINGE DATA 
6 
5 
4 
I 
x 
3 
2 
1 
0 2 4 6 8 10 12 
Z-AXIS, MM 
FIGURE 5. - COMPARISON OF SURFACE PROXIMITY MEASUREMENTS 
FOR THE LFA AND FOUR spor TOFA. THE BLADE SURFACE IS 
SHOWN AS DETERMINED BY THE SURFACE LOCATION SURVEYS. 
THE FOUR SPOT CONSISTENTLY SHOWED SUPERIOR SURFACE 
PROXIMITY PERFORMANCE OVER THE LEA. BLADE LEADING 
EDGE AT ORIGIN. 
4 
110.0 
82.5 - 
- 
LL 2 55.0 - 
27.5 - 
320.0 
9 240.0 
t, 160.0 
9 80.0 
n 
'> 
u s 
( A )  15.00 -2.50 .70 2.85 5.00 
X POSITION, MM FREQUENCY, MHz 
X LOC. = 4.60 MM FRQ MEAN = 2.26 MHz 
Y LOC. = -17.50 MM STD DEV = 16.54 % 
BLADE SURFACE = 3.27 MM PMT CURR = 1.0 uA 
Lot. = 2.00 MM DATA RATE = 0.27727 KHZ 
LOW PASS = 100.00 MHz 
VELOCITY = FREQ (MHz) x106 VM 
80.0 - 
60.0 - 
If 40.0 - 
CI 
n 
320.0 
$ 240.0 
160.0 
w 80.0 
n 
V s 
> 
" 
(B) 15.00 -2.50 .70 2.85 5.00 
X POSITION, MM FREQUENCY, MHz 
x LOC. = 4.40 MM FRQ MEAN = 2.01 MHz 
Y LOC. = -17.50 MM STD DEV = 25.93 % 
z LOC. = 2.00 MM DATA RATE = 0.17724 KHZ 
BLADE SURFACE = 3.27 MM PMT CURR = 1.0 uA 
LOW PASS = 100.00 MHz 
VELOCITY = FREQ (MHz) X I 0 6  UM 
FIGURE 6. - THESE FIGURES SHOW THE ACCUMULATED ON-LINE VELOCITY 
SURVEYS AND THE MEASURED PDFs AT EACH KASUREMENT POSITION. 
THIS DATA WAS TAKEN 2 MM DOWNSTREAM OF THE BLADE LEADING EDGE. 
THE BLADE SURFACE LOCATION I S  INDICATED I N  THE FIGURES. THE 
FLOW OSCILLATIONS BECOME EVIDENT I N  6(A). THE MAGNITUDE OF 
THE OSCILLATIONS GROWS, REACHING A MAXIMUM I N  6(D), AND THEN 
FALLING Off. 
320.0 
s > 240.0 
t; 160.0 
9 80.0 
n 
LL 2 XLk 25.0 u 0 
( C )  i i . 0 0  -2.50 
x POSITION, MM 
X LOC. = 4.20 MM 
z LOC. = 2.00 MM 
BLADE SURFACE = 3.27 MM 
Y LOC. = -17.50 MM 
s 
> 
u 
0 
-I 
W > 
t 
320.0 
240.0 
160.0 
80.0 
n D 
(D) 75.00 -2.50 
X POSITION, MM 
X LOC. = 4.00 MM 
Y Lot. = -17.50 MM 
z LOC. = 2.00 MM 
50.0 r 
-70 1.85 3.00 
FREQUENCY. MHz 
FRQ MEAN = 1.85 MHz 
STD DEV = 22.76 % 
DATA RATE = 0.08046 KHZ 
PMT CURR = 2.0 uA 
LOW PASS = 100.00 MHz 
VELOCITY = FREQ (MHz) XI06 p M  
50.0 
37.5 
25.0 
12.5 
0 
.70 1.85 3.00 
FREQUENCY, MHz 
FRQ MEAN = 1.82 MHz 
STD DEV = 20.87 % 
DATA RATE 0.00970 KHZ 
BLADE SURFACE = 3.27 MM PMT CURR = 2.0 uA 
LOW PASS = 100.00 MHz 
VELOCITY = FREQ (MHz) x106 pM 
320.0 
240.0 
160.0 
80.0 
(E) 1-5.00 -2.50 
x POSITION, MM 
X LOC. = 3.80 MM 
Y LOC. = -17.50 MM 
z Lot. = 2.00 MM 
BLADE SURFACE = 3.27 MM 
60.0 
3 30.0 
15.0 
0 A 
.70 1.85 3.00 
FREQUENCY, MHz 
FRQ MEAN = 1.95 MHz 
STD DEV = 19.02 % 
DATA RATE = 0.06747 KHZ 
PMT CURR = 2.0 uA 
LOW PASS = 100.00 MHZ 
VELOCITY = FREQ (MHz) x106 p~ 
c 
FIGURE 6. - CONCLUDED. 
~ ~~ ~ 
370 
365 
360 
1" 
355 
n 
!Z 350 
W 
3 
L 
3 345 
s 
k 
340 
330 
325 
\s 0 FRINGE DATA 
\ 0 TWO SPOT DATA 
8 9 10 1 1  12 13 14 15 
X-PLANE SURVEY, MM 
FIGURE 7. - COMPARISON OF THE MEASURED VELOCITY MAGNITUDE 
FOR THE LFA. FOUR SPOT, AND TWO SPOT SYSTEMS. THE DATA 
WAS TAKEN 20 MM DOWNSTREAM FROM THE BLADE LEADING EDGE. 
3 
e eo 
10 \ 
0 FRINGE DATA 
0 FOUR SPOT DATA 
0 TWO SPOT DATA 
X-PLANE SURVEY, MM 
FIGURE 8. - COMPARISON OF THE MEASURED TURBULENCE INTENSITY 
THE TURBU- FOR THE LFA. FOUR SPOT, AND TWO SPOT SYSTEMS. 
LENCE INTENSITY CONTAINED BOTH THE MEASUREMENT UNCERTAINTY 
AND THE INHERENT INSTRUMENT ERROR. 
. 
0 
-2 a 
w n . 
W 
-1 
L 
4: 
a -4 
=c 
0 
U -6 
-8 / 0 FRINGE DATA r \ /  0 FOUR SPOT DATA \d 0 TWO SPOT DATA 
I I 
8 9 10 11 12 13 14 15 
X-PLANE SURVEY, MM 
-10 
FIGURE 9 .  - COMPARISON OF THE MEASURED FLOW ANGLES FOR THE 
THE TWO SPOT FLOW LFA, FOUR SPOT, AND TWO SPOT SYSTEMS. 
ANGLE ESTIMATES WERE OBTAINED USING THE MEASURED MEAN 
VELOCITIES AS A FUNCTION OF MEASUREMENT ANGLE. 
CEPT FOR AN OFFSET ERROR FROM THE CALIBRATION PROCEDURE. 
THE TWO SPOT DATA SHOWS A RANDOM FLUCTUATION POSSIBLY DUE 
TO THE HIGH TURBULENCE FLOW. 
THE SHAPE 
Of THE LFA AND FOUR SPOT DATA AGREED FAIRLY CLOSELY, EX- 
1 
0 
-1 
W x . -2 
W 
W z a 
0 
-J 
LL 
x -3 
-4 
-5 
-6 
A 
h 
0 FRINGE DATA 
0 FOUR SPOT DATA 
0 TWO SPOT DATA 
J 
8 9 10 1 1  12 13 14 15 
X-PLANE SURVEY, MM 
FIGURE IO. - COMPARISON OF THE MEASURED FLOW ANGLES FOR THE 
LFA, FOUR SPOT, AND TWO SPOT SYSTEMS. THE TWO SPOT FLOW 
ANGLE ESTIMATES WERE OBTAINED USING THE DATA RATES IN-  
STEAD OF THE MEASURED MEAN VELOCITIES. 
S T I L L  SHOWS A DEVIATION FROM THE LFA AND FOUR SPOT FLOW 
ANGLE DATA. 
THE TWO SPOT DATA 
1. Report No. 
NASA TM-88953 
Unclassified 
2. Government Accession No. 
Unclassi f ied 
- 
4. Title and Subtitle 
Laser Anemometry Techniques for Turbine Applications 
7. Author(s) 
Mark P. Wernet and Lawrence G. Oberle 
9. Performing Organization Name and Address 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
2. Sponsoring Agency Name and Address 
National Aeronautics and Space Administration 
Washington, D . C .  20546 
5. Supplementary Notes 
3. Recipient's Catalog No. 
5. Report Date 
6. Performing Organization Code 
533-04-1 1 
8. Performing Organization Report No. 
E-3369 
10. Work Unit No 
11. Contract or Grant No. 
~~~~~~~ 
13. Type of Report and Period Covered 
Technical Memorandum 
14. Sponsoring Agency Code 
Prepared for the 32nd International Gas Turbine Conference and Exhibition, 
sponsored by the American Society o f  Mechanical Engineers, Anaheim, California, 
May 31 - June 4, 1987. 
6. Abstract 
Laser anemometry offers a nonlntruslve means for obtaining flow field informa- 
tion. Our current research efforts at NASA Lewis Research Center are focused on 
instrumenting a warm turbine facllity with a laser anemometer system. In an 
effort to determine the laser anemometer system best qualified for the warm tur- 
bine environment, we compared the performance o f  a conventional laser fringe 
anemometer and a two spot time-of-flight system with a new, modified time-of- 
flight system, called a Four Spot laser anemometer. 
were made i n  highly turbulent flows near walls. 
elliptical spots to increase the flow acceptance angle to be comparable to that 
of a Laser Fringe Anemometer. Also, the Four Spot uses an optical code that 
vastly simplifies the pulse detection processor. The results of the comparison 
measurements will exemplify which laser anemometer system is best suited to the 
hostile environment typically encountered in warm rotating turbomachinery. 
The comparison measurements 
The Four Spot anemometer uses 
7. Key Words (Suggested by Author(s)) 
Laser anemometry 
Nonlnfruslve measurement techniques 
19. Security Classif. (of this report) 120. Security Classif. (of thi: 
- 
18. Distribution Statement 
Unclassified - unlimited 
STAR Category 35 
w e )  121. NO. of pages 122. Price' 
